The muscular reactions of the mammalian ventricles to localized artificial stimuli have not been studied with the degree of precision that the subject merits. This is due partly to the fact that, until recently, we have possessed no graphic appliances capable of recording the ventricular contractions in an accurate manner. The details of the premature contraction curve, the latent period, the extent of the refractory phase, the physiological conditions affecting it, the factors determining effectiveness or ineffectiveness of premature beats, etc., can be accurately analyzed only when a contraction curve is recorded on which the beginning and end of systole are clearly indicated and on which the separate phases of systole and diastole are clearly demarcated as well. Such a record is supplied by the optically recorded intraventricular pressure curve supplemented for special purposes by similar pressure curves from the auricle and aorta (Wiggers, 1921) .
The muscular reactions of the mammalian ventricles to localized artificial stimuli have not been studied with the degree of precision that the subject merits. This is due partly to the fact that, until recently, we have possessed no graphic appliances capable of recording the ventricular contractions in an accurate manner. The details of the premature contraction curve, the latent period, the extent of the refractory phase, the physiological conditions affecting it, the factors determining effectiveness or ineffectiveness of premature beats, etc., can be accurately analyzed only when a contraction curve is recorded on which the beginning and end of systole are clearly indicated and on which the separate phases of systole and diastole are clearly demarcated as well. Such a record is supplied by the optically recorded intraventricular pressure curve supplemented for special purposes by similar pressure curves from the auricle and aorta (Wiggers, 1921) .
Experimental procedures. The heart was exposed in dogs under morphine and chloretone anesthesia and after the institution of art.ificial respiration.
Whenever possible, the pericardium was left intact and small slits were made for the insertion of the optical manometer and the application of electrodes. One optical manometer was inserted into the left ventricle and another was introduced into the aorta so that the cannula was placed just outside of the semilunar valves. For special purposes, the experiments were varied by recording the second pressure curve from the other ventricle or from the left auricle. The theory, construction and application of these instruments as well as the nature of the optical curves recorded and the criteria that they contain for determining the consecutive phases of the heart cycle have been previously described (Wiggers, 1914 (Wiggers, , 1921 (Wiggers, a, b, 1924 . A reasonable familiarity with these communications is essential in order to follow the data and conclusions presented in this paper.
Induction shocks were applied to the left ventricle by means of two small hook-electrodes, well insulated except for their ends. These were 317 inserted through small slits in the pericardium so that the cardial contacts were not more than 2 to 3 mm. apart.
The time of stimulation was signaled on the photokymograph by a carefully adjusted and responsive signal magnet introduced into the primary circuit. The lag of the signal for break shocks as compared to the stimulus of the secondary coil was 0.0063 in an earlier series of experiments and 0.009 in a later series. This method of signaling was quite adequate for many phases of this investigation which did not concern themselves with the finest details of time relations.
In the later experiments, however, electrocardiograms (usually lead II) were also recorded simultaneously in order to make quite certain that the resulting mechanical reactions were due to stimuli initiated at the same focus. This, it may be parenthetically added, is generally, but by no means always, the case when shocks are applied in this manner to the ventricle.
Such records as a rule show definitely and directly the exact moment at which the induction shock is applied.
The introduction of stimuli at desired moments of systole and diastole in the rapidly beating mammalian heart is not a simple matter.
While experience soon showed that the "trial and luck" method of endeavoring to introduce break shocks by manual opening and closing of a key was not in itself satisfactory, this method was nevertheless used in many experiments to supplement automatic devices. In not a few experiments gaps in the sequences of stimulation were thus fortunately filled in.
A considerable number of principles and appliances suggested in the literature for automatically timing stimuli were tried. Many proved entirely inadequate and all had some disadvantage when used in connection with optical registration.
The two methods which proved most satisfactory were the following:
Method I. A Hiirthle membrane manometer in which the lever was replaced by a platinum wire 5 cm. long, was inverted and connected with a carotid artery low in the neck. As the pressure within the inverted manometer increased the wire descended and in so doing dipped into a small cup of mercury, thus closing a circuit through the primary coil of the inductorium.
As the pressure fell in the manometer, the lever rose, left the cup and broke the circuit.
This breaking time, accomplished by lifting the lever from the cup of mercury could be finely graded through the adjustment-screw determining the lever position. By periodically closing a telegraph key also in the circuit, say every fifth beat, a stimulus was periodically applied at the same moment during every natural fifth beat of the heart. This method was useful in comparing the effects of stimuli applied to different portions of the ventricle but at corresponding moments of systole or diastole. Furthermore, it was possible gradually to advance or retard the moment of excitation by adjusting the dip of the platinum lever. In fortunate esperitnents, it was found possible in this way to shift the time of stimulation from the middle of systole to the end of diastole, provided of course arterial pressures remained quite constant.
The procedure had the disadvantage, however, that the intensity of the shocks were not quite equal and that make shock could not be shortcircuited conveniently.
As a rule, therefore, the strength of induction shocks was so adjusted that shocks on the make were subminimal and the break shocks alone stimulated.
In doing this, however, the effects yielded by the strongest shocks could not be tested.
Method II. The second method is based on the interference of natural and artificial stimuli.
If artificial break stimuli are generated either by a Guthrie automatic stimulator or a Lewis rotatory stimulator at a rate which is exactly that of the heart and if further only every fifth shock is automatically allowed to stimulate the ventricle, then excitation falls exactly at the same moment of the cardiac cycle during each fifth beat. In this way comparative studies of stimuli applied at the same moment of the cardiac cycle but at different points can also be conveniently made.
When it is desired to advance or retard the moment of excitation in a consecutive series of artificial excitation it is necessary to have the natural and artificial rates slightly asynchronous.
The precise tempo of the artificial stimuli required in order to advance excitation during every fifth beat by a desired amount may be exactly calculated from the formula
where N represents the frequency of artificial stimulation expressed in terms of normal heart beats, R is the rate of the heart per minute, X, the interval by which it is sought to advance the stimulus each time that it is applied and R' is the frequency of artificial shocks. Thus, if it were desired to excite the heart every fifth beat, N would equal 5; and if further it were desired that each such excitation be advanced by 0.02 of a second, then X would equal 0.02. As a matter of fact, n satisfactory advance of about such an interval is obtained by merely keeping the rate of the break shock stimulator about one or two beats below that of the heart and by an automatic arrangement allowing only every fifth stimulus to reach the ventricle. ' The n&we of premature contractions.
In evaluating the reactions of cardiac muscle to artificial stimuli it has apparently been tacitly assumed that the amplitude of the recorded contraction is a criterion of the contractile power of which each unit of muscle tissue is capable and that it 1 After the manuscript had been sent to the publishers my attention was called to the fact that a similar principle had been employed by Briicke, 1922,Zeitschr. f. Biol., lxxvi, 213. may therefore be used as an index of the state of cardiac irrit,ability at the time of excitation.
Similarly, the duration of the contraction process is utilized as an indication of the modifications which the contractile process itself undergoes. Before such assumptions can be made, however, especially in the case of the mammalian ventricles, it is necessary to be quite certain that modifications in the spread of the excitation wave do not alter the magnitude or duration of the contraction process which the ventricle as a whole undergoes.
We may begin our analysis of this question by t,he presentation of two series of curves (figs. 1 and 2). Showing nature of the premature contraction curve. Isometric contraction phase, I, prolonged due to unusual lengthening of initial phase, u-b; ejection phase, E, shortened; total systole reduced.
Time, 0.02 second.
Figure 1 illustrates typical effects produced by effective2 premature contractions on the intraventricular and aortic pressure curves. A comparison of the premature (third beat) and normal beats reveals a number of differences: In the former, the isometric contraction phase is prolonged, the gradient of the pressure rise, particularly in the early portion, is 2 The term "effective" is used in this paper to describe those premature contractions which cause an expulsion of blood into the aorta, in contradistinction to "ineffective" which characterizes those systoles that do not produce an opening of the semilunar vnlvrs or systolic discharge. much slower and the ejection phase is abbreviated to such an extent that the total sy'stole becomes shorter. Aside from the fundamental significance of these observations, to be analyzed presently, they are important from the dynamic viewpoint for they show that the smaller systolic discharge of premature beats is not, due entirely to the smaller pressure energy developed within the ventricle but is in part attributable to the reduced phase of systolic ejection.
This abbreviation of systolic ejection and the consequent shortening of t,ot,al systole accords with dynamic laws laid down by the writer and his associates (Wiggers, 1921 b, Wiggers and Katz, 1922) viz.--that the degree of diastolic filling and the initial tension not only modify the volume of systolic discharge but the duration of the ejection phase as well; the smaller the diastolic filling, the shorter the ejection phase of effective beats becomes. It, is therefore evident that if we are to gain a full insight into the true nature of premature contractions it is further necessary to compare natural and artificially excited beats under conditions where initial pressures and diastolic filling interva.ls are equal.
Such a comparison is illustrated in the records of figure 2. In these experiments a series of normal beats was first, recorded (segments A and C), then after complete stoppage of the heart through vagal stimulation, artificial break shocks were applied to the left ventricle either by a Guthrie ,automatic stimulator or by the Lewis rotatory interrupter at rates corresponding to the normal. Segment B shows beats developed when the left ventricular surface was stimulated at the apex, segment D shows the resulting curves when stimuli were similarly applied near the left basal surface.
Under such conditions of artificial stimulation, the maximal intraventricular pressures still remain lower than normal; the systolic discharge, as evidenced by the amplitude of the aortic pressure curves, is reduced but systole as a whole is decidedly Zenqthened (e.g., cf. 0.17 and 0.217 second; 0.18 and 0.231 second). Both the phase of isometric contraction and of ejection partake of this prolongation.
It should be noted, however, that at initial pressures equivalent to normal the isometric contraction phase is less prolonged than when effective systoles occur earlier in diastole, as in figure 1. Furthermore, the reduction of the maximum intraventricular pressure and of the systolic discharge below the normal level is less extensive.
It is obvious that the altered character of premature beats interposed between natural ones is in part determined by dynamic effects which are the direct consequence of an incomplete ventricular filling; but in part also by other peculiarities in the nature of the muscular contractions.
It is with the latter that we are now concerned.
Cause of inherent di'erences in the muscular contractions. The most outstanding changes in the intraventricular pressure curves when artificial stimuli are applied to the inhibited ventricle at intervals equivalent to the natural rate, are the reduction in the height of the pressure curve and the resulting decrease in systolic discharge as evidenced by the reduced pulse pressure. Several possibilities must be considered as causes of these significant changes:
1. They may be due to depressant effects exerted by the vagus nerves on the ventricular contraction process. This suggestion, however, is invalidated not only by the lack of existing proofs that the vagus terminals reach the ventricular musculature in mammals (Drury, 1923) but is clearly disproven by the observations that similar induction shocks applied to the left auricle during vagus stoppage do not produce such changes in the intravcntricular pressure curves. On the contrary, as shown in the segments of figure 3 the ventricular contraction processes remains absolutely normal.
2. The possibility that they may be due to a decrease in initial tension following abolition of auricular contractions during vagus stimulation must be considered.
In segment D of figure 2 this is indeed the case and probably contributes somewhat to the smaller amplitude in this instance. In manv of the records, however, the initial pressure remains unaltered as in segment B of figure 2 while in the majority it was actually elevated probablv in consequence of the reduced discharge and incomplete emptying of ;he ventricle; newrthclcss, the pressure masimum was lower.
Reduction in the initial tension is obviously not the fundamental cause of the depressed amplitude. 3. The possibility that the late contraction of the papillary muscle or the absence of auricular contraction may interfere with the proper closure of the A-V valves and thus cause a functional regurgitation is a remote possibility.
Such regurgitation may, however, be definitely recognized in left auricular pressure curves (Wiggers and Feil, 1922) . Careful studies of such records fail to give any indication of any change in intra-auricular pressure, suggestive of regurgitation.
4. The smaller amplitude may be due to the fact that not all fractions are excited or that in the abnormal spread of the impulses they are excited in an order or at times which differ appreciably from the normal. We Fig. 3 . Two segments of aortic and left intraventricular pressure curves together with electrocardiogram, lead II, showing that vagal stimulation has no effect on the nature of ventricular contraction. First segment, normally excited ventricle; second segment, heart inhibited by vagus stimulation and left auricle stimulated by break shocks at same rate as previous natural rhythm.
Time, five divisions = 0.052 second.
must therefore consider briefly the influence which the normal and abnormal spread of impulses has on the nature of the contraction processes as revealed by intraventricular pressure curves, for the intraventricular pressure curve is a resultant of the contraction and relaxation forces operative from moment to moment.
The studies of Lewis and Rothschild (1915) indicate that normally impulses are so rapidly disseminated over the His-Tawara branches and their arborization that but small timedifferences exist in the excitation of the interior layers of the ventricular muscle. Owing, however, to the slower progress through the musculature of the ventricular wall and its varying thickness Lewis (1916) estimates that approximately 0.035 second is required for the excitation of the entire left ventricle of the dog (fig. 4 A) . If this mode of excitation is correct it probably follows that, when the ventricle is normally excited, ventricular systole does not begin with an absolutely synchronous contraction of all ventricular fractions; on the other hand, it probably starts as a summation of serial fractionate contractions. It is indeed logical to interpret the changing gradient of the pressure increase which takes place during the isometric contraction phase in this way. As is well shown in the normal records of figure 1 the pressure begins with an initial slow rise X-Y lasting from 0.02 to 0.035 second which continues as an abrupt straight rise of pressure until the semilunar valves open Y-Z. Assuming equivalent latent periods for all ventricular tissue it is not illogical to attribute this early rise of pressure to the serial summations of the fractionate contractions as the contraction process spreads through the ventricular wall in the wake of the excitation wave. However, when all fractions have entered the contractile state they produce the rapid elevation Y-Z during the remainder of the isometric contraction phase. By comparing the points indicated by X-Y in figures 1 and 4 A this conception of the significance of the initial rise is perhaps clarified.
A careful inspection of some thirty records where artificial contractions were induced showed without fail that this early phase of slower contraction is prolonged and that the tension develops more gradually ( fig. 1 beat 3 , a-b; fig. 2 B, a-b). Expressed in another way, the pressure developed during equal intervals after the inception of contraction is far less in the artificially than in the naturally elicited beats. As this slower Fig. 4 development of tension undoubtedly has a pronounced effect on the ultimate maximal tension developed its significance must be more care-fully considered.
If the initial elevation of pressure in normal beats (X-Y) is attributable to the progressive summation of fractionate contractions as the impulses pass from within outward through the ventricular walls, then it is also possible that the prolongation of this slower rise in the case of artificially elicited beats may be due to the different sequence of excitation.
This accords with our conception of the spread of excitation as interpreted from electrocardiographic studies. As summarized by Lewis (1920) , "the excitation wave spreads from the point stimulated and travels in every direction radially through the muscle; it also pierces the thickness of the wall and reaches the Purkinje substance; reaching this substance, it is propagated with great rapidity over the whole lining of the corresponding chamber and ultimately spreads to the opposite ventricle."
It is probable therefore that in artificially elicited beats two consecutive contraction processes merge into one another, viz., a, a local contraction arising at the point stimulated and spreading more or less radially from fraction to fraction; and b, a fairly normal contraction process of the remaining ventricular muscle excited by impulses passing in reverse direction via the bundle branches ( fig. 4 B) . Inasmuch as the latter also starts in a fractionate manner it follows that the duration of the slow rise should be increased by an amount essentially equal to the time required for impulses to pierce the thickness of the ventricle from without inward.
The most exact calculations possible indicate that this is true in the case of artificially elicited beats recurring at nearly the same tempo as the normal.
Thus, rough calculations based on normal conduction values charted in Lewis' diagram in figure 4 A indicate that the time required to excite all ventricular fractions in premature beats should not exceed the normal by more than 0.02 to 0.025 second in the case of stimuli applied to the thicker basal portions of the left ventricle or 0.01 to 0.015 second in the case of those applied to the thinner apical portions. Actual calculations from seven experiments similar to that shown in figure 2 show that the increase ranges from 0.024 to 0.031 second in the case of left basal stimuli and from 0.013 to 0.023 second in the case of left apical irritants.
When the prolongation is calculated, however, in the case of premature beats occurring earlier in diastole (e.g., cf. figs. 1, 3, 10) it is found to be much greater than can be accounted for in this manner; intervals of 0.05 to 0.068 second being not uncommon.
Whether this signifies that the rate of conduction through the ventricular wall is actually depressed or that impulses are not conducted directly through the cardiac layers can not be answer-cd without further investigation.
In any case, all evidence favors the hypothesis that this early slow isometric rise of pressure in premature beats is due to an initial phase of local fractionate contractions radiating from the stimulated area.
On the basis of this interpretation of sequential fractionate and unified contractions, the prolongation of systole as a whole may be satisfactorily explained for as the unified contractions (initiated through bundle branch distribution) start later, they also continue for a longer time. Simila ly, a number of physical reasons can readily be advanced why the less synchronous contraction of the muscles composing the ventricles could account for the more gradual gradient of the rest of the isometric contraction curve and at least contribute to the reduction of the maximal tension developed during contraction ( fig. 2) .
InJluence of the point of stimulation on the nature oj response. It was noted early in the work that stimuli applied to different portions of the left ventricles at corresponding times after the onset of diastole produce reactions of quite different magnitude and contour.
A careful study shows that quite consistently the greatest reactions result when the stimuli are applied over the thinnest portions of the ventricles.
Thus as shown in figure 2 stimuli applied to the thinner portion of the left apex not only produce contractions that are larger than those resulting from the basal irritants given at corresponding times but the initial rise of pressure as well as the total isometric contraction phase is much shorter.
The same thing is true of stimuli occurring earlier in diastole.
These observations are quite consistent with prev'ous interpretations. Obviously the shorter the distance that must be transversed in order to reach the Purkinje conducting system the smaller the fractionate contraction element derived from fiber to fiber excitation and the greater the number of fractions excited over natural pathways, with the result that more vigorous beats occur.
If these interpretations are entirely correct we should further expect that artificial stimuli applied to the opposite ventricle, would evoke an impulse which is distributed to the ventricle studied, only or largely over natural routes. The effects of such stimulation are shown in the segments of figure 5. When the intraventricular pressures are simultaneously recorded from the left and right sides of the heart, the reactions to artificial stimuli differ appreciably on the two sides. In the first place the pressure within the ventricle stimulated begins to rise from 0.03 to 0.08 of a second earlier than in the other ventricle.
As shown in the different segments of figure 5 the difference is less in the case of stimuli applied to the right than the left ventricle and in each ventricle somewhat less in the case of stimuli applied to the apex, than in those applied to the base. Again these differences mav be largely attributed to variations in the thickness of the ventricular wall which stand in direct relation to the order of the time difference, viz., right ventricular apex, right ventricular base, left ventricular apex, left ventricular base (cf. diagrams of fig. 4 ).
Further inspection indicates 1, that the vigor of the beat in the ventricle opposite to the one stimulated is always proportionately greater than in RESPONSE OF MAMMALIAN VENTRICLE TO SURFACE STIMULI the ventricle stimulated; and 2, that the gradient of the pressure elevation is always much steeper there. Indeed, when the premature stimulus is given late in diastole as in the fifth segment of figure 5, the resulting contraction in the opposite ventricle often loses all the characteristics of artificially excited beats, -the initial slow elevation of pressure is absent and the isometric contraction phase is not prolonged. All of these effects indicate a spread of the impulse to the opposite ventricle over normal routes. Thus the type of spread indicated in figure 4 B somewhat exemplifies the conditions explaining the reactions of figure 5 A. When we carefully examine the records from the ventricle opposite to the one stimulated, however, we obtain many evidences that the opposite ventricle is not entirely excited in this way. This is especially true in stimuli applied near the apices of the two ventricles.
Thus the anacrotic jog observed in the right ventricular pressure curves of segment B and in the left ventricular curves of segments C and D are entirely absent in smaller beats recorded when the ventricles are exci ted bY way of the auricle. Thus, it is not improbable that, at times at leas t, some of the impulses pass to the opposite ventricle via the interventricular septum as indicated in figure 4 C, that is to say, some of the apex fractions of the opposite ventricle are excited by fiber to fiber transmission of impulses.
Finally, it is found that contractions elicited very late in diastole (fig. 5 E) never quite equal the nor portionately greater decrease 'ma1 in in the height.
This together wi th the propressure maximum on the side stimulated indicates that some other influence contributes to the reduced vigor of contraction.
It is quite possible, especially on the stimulated side, that some fractions may escape excitation owing to an interference of -stimuli in which case, much as in alternans, a certain value of contraction energy must be subtracted.
Furthermore, it is not inconceivable that a certain orderliness in the mode of contraction may be necessary in order to produce a maximal effect on intraventricular pressure. The ventricular muscle is not a simple sheet of tissue but is arranged in layers of scrolls. It is quite conceivable that if, as is normally the case, either one end of the scroll or the broad base of the interventricular septum enters into con traction early it might act as a sort of fixation point for the rest of the ventricular muscle and hence cause a more effective elevation of intraven tricular tensi on than if all portions of the or less disorderly w ith no end definitely fixed.
Whatever part these processes play, however, it is evident that the changes in time relation and amplitude obtaining in arti ficially stimulated ven tricles do not require the assumption of fundamental alterations in the contraction processes of the individual fractions which make up the ventricles.
Consequently, it is not only necessary to keep these effects in mind in evaluating reactions from artificial stimuli but it would seem scroll are excited more desira ble that meny conclusions a #s to the fundamental reactions of the heart muscle, interpreted on the basis of changes in the amplitude or duration of recorded contractions, be subjected to more critical reinvestigations.
The refractory and non-refractory phases of the cardiac cycle-Previous work (for references cited cf. Tigerstedt, 1921) . The results of many investigations since the pioneer observations of Schiff, Marey and Kronecker seem to have established that the normal vertebrate heart is absolutely refractory to stimuli given during the earlier portions of systole and that this is followed by a period of relative refractoriousness.
A number of observations are on record, however, that cast doubt upon the existence of such an absolutely refractory period. Thus, under the influence of toxic agents such as chloral, carbon monoxide, potassium cyanide and ether it appears that the heart is excitable during a relatively longer portion if not throughout the entire phase of systole (cf. Tigerstedt, 1921) . In addition, reactions under more nearly normal physiological conditions have been reported by Carlson (1907) which indicate that in the lower vertebrates (amphibia, reptiles) stimuli applied during early systole may evoke contractions which are eithe r higher or lower than normal beat 1s.
A rather volumi nous literature apparently also leaves unsettled the question as to whether relative refractoriousness is a late systolic or early diastolic event. Thus, referring at once to literature dealing with the mammalian ventricle, Gley (1889) interpreted his experiments on dogs and rabbits as indicating that stimuli applied late in systole are capable of prolonging the state of existing contraction to a pronounced degree. Woodworth (1903) , on the other hand, concluded on the basis of experiments on contracting strips of mammalian ventricle that the muscle is absolutely refractory to the very (1897) again found the ventricles end of systole. Cushny and LMathews excitable by strong currents somewhat before the end of mechanical contractions, the reaction consisting either of a prolongation of systole or of another small contraction supported on the normal relaqtion curve. Such differences of opinion must always exist in the case ?f mammalian hearts as long as the graphic methods do A, break shock applied to left apex during P wave of electrocardiogram cause smaller premature contractions.
B C I?, break shocks applied to left ventricular base after completion of P produce transitional types of electrocardiograms and smaller ventricular contraction.
F G H, break stimuli applied during isometric rise of pressure are without effect. I, Break stimulus during ejection phase, is without effect, J, similar break shock during ejection phase causes larger ventricular beat. All records reduced about to a original size. Time 5 divisions =0.052 second.
not permit an accurate registration of the degree of contraction or the precise end of systole.
E$ect of stimuli applied immediately before and immediately after the inception of isometric contraction.
Although stimuli applied during different phases of auricular systole or just previous to ventricular contraction are in effect given during late diastole, they are more logically considered with very early systolic stimuli because the possibility exists that a stimulus applied just previous to the natural one may modify the inherent irritability and in this way affect the resulting contraction. As shown in specimen records of figure 6 the effects of shocks applied during an in .terval exte nding from the P wave of the electroca #rdiogram to the onset of ven t ricu .lar ejection were s tudied . As il lustrated in figure  6 A, stimuli given during the rise or fall of the P wave and sometimes slightly later (i.e., 0.08 to 0.12 second before the rise of intraventricular pressure) are invariably followed by smaller contractions.
Both the character of these ventric ular cardiograms indica lte that they pressure are obvio curves usly pu and the re prema aberrant electroture contractions occurring very late in diastole.
The electrocardiogram shows that the normal impulse is not concerned in the excitation process. When the stimuli fall during a later portion of the P-R interval as in figure 6 B, C, D and E one of two types of reaction develops in the electrocardiograms, viz., the ventricle may be excited entirely by the normal impulse (the electrocardiogram giving typical normal impulses- fig. 6 E) or the ven3-tricle may have a dual mode of excitation-partly from the natural impulse arriving via the A-V bundle, partly by impulses spreading from the artificially stimulated area (the electrocardiogram giving what Lewis (1920) has termed complexes of a transitional type- fig. 6 B, C, D> 3 in the In the former case ventricular contractions are unaffected ( fig. 6 E) ; latter they are reduced in amplitude ( fig. 6 B, C, D) . It is quite unnecessary, however, to assume in the latter that the artificial stimulus exerts an probable impulses inhibitory effect on ventricular contraction, that these effects are explained by an interfe indeed it is more rence between two passing tually escape exci over the Purkinj e branches so that tation an d, as in alternans, produce some fractions aca smaller contraction. In view of these results it is questionable whether stimuli applied during the time the ventricle is being excited exert any effect on irritability.
The effects of stimuli applied while the ventricle as a whole has begun its phase of isometric contraction are shown in figure 6 F, G, H. As No instance has been found where such stimuli affect the amplitude of contraction or the pulse pressure in the aorta. As a rule, similar effects are also observed when stimuli are applied during the early phase of ejection ( fig. 6 I) but in three animals an augmented intraventricular pressure and a larger pulse pressure were noted. Figure 6 J, represents a specimen of such a reaction. Such instances might be considered by many as demonstrating the non-refractory condition of early eystole. Incidental evidence, however, does not make these observations entirely convincing.
In the beats where this occurred other factors could not always be excluded, sometimes the initial tension was slightly higher, again the length of the preceding cycle was slightly greater but most suspicious of all, similar larger beats occasionally occur when the stimulus is applied after the maximum ejection has already been reached. Thus in figure 6 J the break shock is actually not applied until the highest systolic pressure in the aorta has already been developed, but previous to that owing to imperfect contact a series of minute and irregular shocks apparently had reached the ventricle.
Even if we discount entirely the many negative observations and stress disproportionately these positive experiments it is still not necessary to interpret these super-maximal beats as evidence that the ventricles are irritable during early systole. In view of the fact that they result only when stimuli are given relatively late after the inception of contractions it would be far more logical to presuppose the additional stimulation of fractions which had escaped excitation by the normal impulse than it would be to suppose that such late stimuli could have an almost immediate effect on the irritability of muscle fractions already in the process of contraction.
We must therefore conclude that there is no really convincing evidence that the early phase of systolic contraction in the mammalian heart is non-refractory to stimuli. Experiments on lower vertebrates must be submitted to further experimentation which exclude influences of impulse interference before they can be finally accepted.
E$ect of stimuti applied late in systole. The results to be reported are based chiefly on a careful analysis of twelve experiments in which one hundred and ten shocks given at various fractions of the last tenth of systole, were analyzed mathematically, the beginning of the aortic incisura being used as the criterion of the end of ventricular systole. In addition, similar effects obviously present in many other stimulations but not mathematically analyzed, support the conclusions drawn.
Experiments in which the end of ventricular systole is clearly located show definitely that the latter portion of ventricular systole is not refractory to stimuli. That this is truly a phase of relative refractoriousness is attested by the fact that the extent of this phase is governed by the intensity of the stimulus.
Thus, in experiment 324, II, a strong shock caused a reaction 0.058 of a second before the end of systole, and a moderate stimulus caused a reaction 0.032 of a second before the end of systole. A weak shock caused no response when given 0.027 of a second before the end of systole but elicited a response when the interval was reduced to 0.02 of a second.
How closely the very beginning of these non-refractory phases may be determined in fortunate experiments is shown in figures 7 and 8. In the former illustration are shown records obtained when the heart was automatically stimulated by the Hiirthle stimulator (method I). As the arterial systolic pressure fell a trifle from beat to beat this operated to withdraw the platinum contact from the mercury cup a little sooner each beat. As indicated in the early portion of this record, strong break stimuli applied 0.0664 -0.0654, -0.0634 of a second before the end of systole were without effect but a definite reaction was caused by a stirnulus preceding the end of systole by 0.0453 of a second. The gap is filled by the beats shown in the latter part of this record where a stimulus applied 0.0564 of a second before the end of systole was ineffective but one applied 0.0524 of a second before systole terminated caused a reaction.
On the whole it may be said therefore that under ordinary experimental conditions, the dog's ventricle remains refractory to stimuli until about 0.06 before the termination of systole. Sometimes this range is not reached and occasionally, as shown in the data above, longer non-refractory intervals (even up to 0.105 of a second) are indicated.
The latter fact is also shown in the last post-compensatory beat of figure 7 and the records of figure 8. In a latter experiment the stimulus was advanced by the interference method of stimulation from the point of exact termination of systole (segment B) to 0.083 of a second before the termination of systole (segment G) with positive reactions throughout.
Careful tabulations indicate that this extension of the non-refractory phase occurs pari passu with the prolongation of systole. Thus, the longer non-refractory intervals shown in figure 8 are due to the unusually long systoles and the further extension of this period in the last beat of figure 7 is associated with the longer systole of the post-compensatory beat. Further explicit illustrations may be mentioned, however:
In experiment C 324 a strong shock applied 0.05 of a second before the end of systole evoked no response but caused a reaction 0.055 of a second before the termination of ventricular contraction when the systole length had been increased by vagal stimulation.
Again in experiment C 330 XIII a stimulus applied 0.0564 of a second before systole end was negative, but one applied 0.0524 of a second evoked a contraction. Two stimuli, however, were applied during two similar compensatory beats which had their systoles prolonged by 0.03 of a second; one of these given 0.0714 of a second before termination evoked a reaction, the other given 0.0765 of a second previous to its end was negative.
Similarly, when systole was lengthened independently of cycle length (e.g., by venous infusion) the non-refractory phase was prolonged. For example, in experiment C 326 a strong stimulus given 0.048 of a second before the end of systole and yielding no response caused a good reaction after systole had been prolonged by venous infusion. No definite or constant ratio between systole length and either the refractory or non-refractory period of systole as maintained by Schultze (1906) could be established. This is of course not surprising inasmuch as no reason exists why such exact mathematical relation should occur and its presence in any series of experiments must probably be regarded as accidental. Do these reactions necessarily imply that the fractions of ventricular muscle are actually irritable while still contracting?
The argument may be advanced that since some fractions normally begin their contractions 0.025 to 0.035 second before others and inasmuch as they may fairly be supposed to stop contracting earlier, it is not impossible that the response is due to the excitations of these early relaxing fractions. This interpretation is invalidated by the facts 1, that the ventricle is excitable long before we have reason to suppose that such relaxation processes are in existence (cf. non-refractory phase of 0.06 second with fractionate contraction phase of 0.025-0.035 second); and 2, that the late systolic responses are obtained when stimuli are applied to the base of the left ventricle which is undoubtedly the last portion to begin and end its contraction.
The results therefore indicate that the state of refractoriousness disappears during the latter portion of the contractile stage. The fundamental significance of this change must await further investigation.
normal. Indeed Hirschfelder and Eyster (1907) explicitly emphasize that premature contractions are always smaller than normal beats. Graphic evidence has, however, been published by Hering (1905) , Rihl (1907) and MacWilliam (1923) which apparently demonstrates that such super-position is possible. If this is the case they must necessarily result from stimuli applied before ventricular systole is over, i.e., during the non-refractory phase. Finally, the graphic curves of Gley (1889) as well as those of Cushny and Mathews (1897) indicate that while no superposition results from stimuli applied during the non-refractory phase of systole, they do cause an extension of the systole, in which they fall. A careful examination of many optical tracings of intraventricular pressure shows evidence neither of a superposition of premature beats nor of a prolongation of systole when stimuli are applied during the nonrefractory period of systole. On the contrary, the contractions never begin until near the end of the isometric relaxation process. The curves of figure 7, 8, 9 and 10 illustrate the nature of the responses.
If there is any local muscular contraction during the early moments of the isometric relaxation phase, it is obscured by the predominant influence of the relaxation processes still going on, for the most careful superposition of records fails to bring out any change in the gradient of the isometric relaxation curve until the very end, where changes are merely a matter of degree. Thus, as shown at a in figure 9 A t.here may be'just the merest trace of a decreased gradient or as similarly shown at a in With such clear-cut results following the application of stimuli to the external surface of the ventricles during the isometric relaxation phase we can only conclude that the contrary evidence of superimposed beats and extended systoles obtained by the graphic methods must be attributed either to faulty methods of registration or to the fact that the hearts in question were decidedly abnormal.
From the dynamic viewpoint higher pressure maxima developed by superimposed beats would be quite as ineffective as though the contractions occurred when they do. Beginning before the A-V valves have opened, the ventricles have received no blood and consequently are quite unable to discharge any.
The apparent latent period. It seems to have been adequately demonstrated on amphibian hearts that the latent period becomes longer as the stimulus is applied progressively earlier in the non-refractory phases. This is corroborated in these mammalian experiments.
A stimulus applied so late in diastole that it barely precedes the next natural excitation produces a contraction within 0.03 to 0.04 of a second. A stimulus applied during the isometric relaxation phase, however, requires an interval of about 0.06 to 0.08 of a second while one given during the nonrefractory phase of systole causes no pressure elevation for 0.09 to 0.12 of a second.
While these results can be confirmed in records shown in various illustrations they are more readily followed in the tabulated results from a single experiment (C 326 I, II and III). It is not necessary, however, to assume a peculiar recovery gradient of cardiac muscles during the so-called recovery period to explain this shortening of the apparent latent period. Undoubtedly even the shortest latent period includes, in addition to any adherent latency of muscle response, the time required for the spread of the excitation wave to a sufficient number of muscle units to produce a recordable response of the ventricle as a whole. The number of contracting fractions required to elevate intraventricular pressure also depends on whether the remaining fractions are at rest or in the process of relaxation; the greater the relaxing forces operative in the entire ventricle at the time of stimulation, the greater the number of fractions that must contract before the resultant of the two forces manifests itself as an elevation of intraventricular pressure. To judge from the changing gradients of the normal isometric relaxation curve the total relaxation forces in the early part of this phase exceed those in the latter portion. Consequently, the earlier that contractions are initiated, the greater the number of contracting fractions required before the relaxation forces are over-powered and therefore the longer the apparent latent period becomes.
The fact that the early energy of these contractions can not be utilized in the elevation of pressure but is spent in counteracting the fall in pressure accounts also for the facts 1, that no initial period of gradual fractionate contraction is exhibited in the rise of the early beats, and 2, that the gradient of contraction becomes progressively steeper, the later the beats come in the isometric relaxation phase ( figs. 9 and 10) .
Finally, the factors concerned in extending the apparent latent period when shocks are applied during systole explain also why it is impossible for them either to prolong systole or to cause superimposed beats early in relaxation. Assuming a minimal latent period of 0.03 of a second between excitation and response in the case of a stimulus applied 0.06 of a second before the end of systole and a minimum interval of 0.035 of a second before impulses are distributed by the Purkinje branches it is obvious that no considerable number of ventricular fractions have begun to contract until systole is over, thus effectively preventing an extension of the contraction phase. Furthermore, by the time the impulse has had time to spread to the entire ventricular musculature, the ventricle has had time to relax to a considerable degree, thus resulting only in a pressure rise during the latter part of this phase.
Therefore, not only do experimental results of this investigation fail to give evidence of extended systoles or superimposed beats but a consideration of the factors concerned in the production of these contractions seem to make their existence quite impossible.
Factors determining the vigor of mammalian premature contractions.
It has already been shown that owing to the fractionate onset of the premature contractions they are always smaller than normally excited beats even when the intervals between beats are the same. Among the further facts that appear to have been clearly demonstrated is the one that the amplitude of the premature contraction increases as the time elapsing since the end of the previous systole increases (for references of cf. Tigerstedt, 1921) . How far these changes may be accounted for, however, by a gradual recovery of irritability and contractility and to what extent they may be due to the effect of variable degrees of ventricular filling do not appear to have been clearly separated.
As regards the influence of the time factor Woodworth (1903) has clearly pointed out that two opposing forces must be concerned in dctermining the conditions of the muscle for response, viz.: "the stimulating effect of a rapid succession of contractions and the recuperative effect of a long pause." As regards ventricular strips from mammalian hearts Woodworth concluded that these opposing forces operate so that optimum interval for stimulation is about one second or slightly the less . As this interval is in excess of the time required for a normal heart cycle in the dog it is obvious that cardiac muscle is not normally beating at its best. Adrian (1920) and Wastl (1922) have shown more recently that the frog's ventricle may under certain conditions exhibit a superirritable and supercontractile phase, in this respect resembling the recovery process in nerve.
In order to evaluate the relative roles played by possible hypercontractile phases, by the recovery interval of diastole and by changes in the degree of ventricul .ar filling, a careful study of the contractions falling in different phases of diastole was made. Inasmuch as in the normal dog's heart there is an interval of some 0.07 to 0.09 of a second after systole before ventricular filling begins (protodiastole and isometric relaxation) it was hoped that an evaluation of the time factor might be made over a ble interval where any resulting contraction must be of an isomet consideralric nature. soon after t evidence Furthermore, as the super-contractile the relative refractory phase there was phase apparently begins reason to hope tha some of it might be obtained during this phase if it were present in the mammalian heart under experimental conditions.
The discovery that no contractions can be elicited until the very last portion of this phase, even by stimuli applied during late systole made this part of the inquiry far less complete than was hoped for.
The results of these experiments were consistent and are typified in the records of figures 9, 10 and 11. It is obvious that as the contractions begin later and later during the isometric relaxation phase the following changes occur: 1, the amplitude of pressure elevation measured by the vertical height of the ascending limb become larger; 2, the gradient of the pressure rise becomes steeper, but 3, the pressure summits reached tend to decrease somewhat.
It is further o bvious that there is a c ritical the end of the i sometric relaxation phase where small region just after differences in the onset of contraction produce marked changes in the pressure maximum (cf. fig. 9 , D, E; fig. 10 C and D) . Obviously this shows clearly the additional influence of ventricular filling with the resultant amplitu stretching of cardiac muscle. The absence of contractions with .des larger than those of normal beats during any phase of diastole precludes the existence of a supernormal phase of contractil to exclude the possibility of a quite so easy, however, ity. It is not comparatively heightened phase of con traction during the earliest portion of the isometric relaxation phase inasm uch as it is not at all clear whether or not the vigor of the premature isometric contractions become progressively greater as a resul t of the time factor of recovery.
Much depends on the criterion adopted.
Thus in the premature beats shown in the first segments of figures 9 and 10 the amplitude as measured by the vertical height of the ascending limb increases but the systolic pressure maxima actually become somewhat less. In the interpretation of records from frog hearts the former criterion has been adopted; from the dynamic point of view the highest pressure maxima would appear to be the more logical index of muscle work. According to the first criterion the muscle reactions are considered progressively stronger; according to the latter they become progressively somewhat weaker. Nor does the degree of prematurity in the excitation appear to influence the magnitude of the reactions appreciably, as long as the contractions begin during the isometric relaxation phase. A stimulus applied during the non-refractory stage of systole yields practically the same pressure maximum as one given after the isometric relaxation phase has begun ( fig. 9 A-D; fig. 10 A-D).
When the incidence of the premature contraction is delayed until a small inflow has taken place as shown in the fifth segment of figure 9, a considerably greater elevation of pressure and a higher pressure maximum develops. If we examine the amplitude of contractions occurring progressively later during the period of ventricular filling, it is observed that the amplitude of contraction increases. Analysis of the cardiodynamic effects produced during these intervals indicates, however, that it is neither entirely nor predominantly due to a progressive recovery of irritability or contractility as determined by the longer time interval for recovery. That this time factor per se may be concerned to some degree may not be doubted.
Thus, when at very slow heart rates following vagal stimulation premature contractions occur during a long diastasis (i.e., when no further changes in initial tension are concerned) they may be consistently slightly larger than beats coming somewhat earlier. When, however, premature contractions occur during the rapid inflow phase ( fig. 11 ) we note at once that the amplitude of contraction increases or decreases as the initial tension in the ventricle.
Therefore, I believe the larger amplitudes to be related to the time factor solely because the longer the interval, the greater the ventricular filling and initial tension. Furthermore, if for any reasons the rate of inflow increases (e.g., as during venous infusion) then the initial tension increases more rapidly and the very early beats may become much greater.
We may therefore conclude that the recuperative effect of a longer time interval, as this affects the recovery process, plays but a minor role in determining the progressive increase in the amplitude of premature beats beginning later and later in diastole but that changes in cardiac irritability occasioned by the increased filling and stretching of the ventricles plays the dominant role.
initial length and initial tension as fundamental factors determining RESPOXSE   OF MAMMALIAN  VENTRICLE  TO SURFACE  STIMULI   373 cardiac response. Considerable discussion has arisen as to whether changes in initial length or initial tension fundamentally determine the vigor of ventricular reaction. As the subject has recently been reviewed by the writer (Wiggers, 1923) it is merely necessary in this connection to recall the results of my own experiments . In extensive series of experiments of a variable sort I have never found an instance in which actually observed or probable increases in diastolic volume failed to be associated with an increase in initial tension. I could therefore only conclude either that initial tension is directly responsible for the magnitude of the ventricular response or if the initial length of muscle fibers is fundamentally responsible for changes in vigor of contraction it is only through a previous increase in initial tension that such an increase in length can be produced (Wiggers 1921 (Wiggers b, 1921 . Such experiments could obviously not determine whether initial tension or initial length is the fundamental determinant of the amplitude of reaction. It was suggested that by comparing the initial tensions at which premature contractions of different height in various phases of diastole occur, some definite relation or lack of relation might be established. In the beats occurring during isometric relaxation the initial tension and length proceed in opposite directions, the longer the fibers become during relaxation the lower the initial tension (figs. 9 and 10); during inflow on the contrary they go hand in hand ( fig. 11 ). Owing to the lack of a clear criterion as to whether amplitude of ascending limb or the pressure maximum represents a true measure of the vigor of response it is not possible, at present, to draw conclusions from a comparison of the consecutive beats occurring during the isometric relaxation phase alone. Thus, in the first three segments of figures 9 and 10 it is obvious that the pressure maximum is definitely related to the initial tension under which beats start, while the amplitude of the pressure elevation is distinctly related to the length of the muscle fibers. When, however, the beats beginning during the isometric relaxation phase ( fig. 9 A, B; C) are compared with those during ventricular filling (figs. 9 D, E; 10 C, D) it becomes obvious that neither the amplitude nor pressure maxima are determined by initial tension but rather by the state of lengthening that the fibers have undergone . Unless time recovery factor indeed plays a far greater role than we have the any reason to suppose from a priori considerations these results indicate clearly that, as.in striated muscles, initial length is the fundamental factor concerned in determining the vigor of ventricular contractions.
It may be reiterated, however, that this in no wise compromises the position that when the cycle is of average normal duration, changes in initial length are produced solely by previous changes in initial tension. This holds true also in premature beats occurring during successive intervals of t #he inflow pha se. As is clearly shown in the segments of figure 11 , the amplitude changes correspond definitely with changes in initial tension as well as with probable changes in initial volume.
Factors determining efectiveness of premature systoles. Premature contractions may be eflective, i.e., cause a systolic expulsion of blood; or they may be ineflective, i.e., fail to increase intraventricular tension sufficiently to open the semilunar valves. In the latter instance pure isometric contractions are produced.
Effective systoles are recognized 1, by the production of clear cut aortic pulses; 2, by the fact that the intraventricular pressure rises beyond the point where ejection normally occurs, and 3, by the sharper pressure drop in the isometric relaxation phase indicating that contraction has not been of an isometric character. All of these criteria should be especially examined when only small pressure variations occur in the aorta for such variations may be the results of traction effects without opening of the semilunar valves and consequently without ejection being present.
Results obtained in experiments on 15 dogs were carefully studied as regards the factors determining the effectiveness of premature systoles.
Of fundamental importance is a minimal interval of ventricular filling. At first, efforts were made to calculate directly the minimal intervals of rapid inflow required in order to fill the ventricle sufficiently to produce an ejection. Inasmuch as the moment of inflow is so varying in its relation to the descending limb of the ventricular pressure curve, however it seemed the wiser policy to relate these events to the end of systole. The abbreviated data of table 2 indicate the nature of the results around critical regions. On the whole they show that an average interval of about 0.12 of a second must elapse between the end of systole and the onset of the premature contraction, the shortest interval producing effective beats being 0.098 of a second and the longest, 0.14 of a second. As the writer (1921a) has shown that two phases of diastole occur between the end of systole and the opening of the A-V valves, viz., the protodiastolic and isometric relaxation phases which together occupy from 0.072 to 0.08 of a second, this means that a minimal interval of about 0.04 of a second is required in order to fill the ventricle sufficiently to cause an ejection against normal arterial diastolic pressures. Occasionally systoles occurring 0.055 of a second after the calculated beginning of ventricular filling are ineffective. The actual interval that elapses depends, however, on the arterial diastolic pressure being somewhat less when this pressure is low (e.g., table 2, experiments C 268 and C 270 XI).
It is also influenced by the height of the venous pressure, contractions becoming effective somewhat earlier when the rate of ventricular inflow is increased by venous infusions.
In accordance with these results, the interval required for effective filling is modified also by the extent to which the preceding systole has It is often true that a normal cycle following a post-compensatory beat is somewhat smaller than regular beats, due to the more complete emptying of the ventricle during the post-compensatory systole. In such animals the filling interval required to produce effective beats is longer in the case of premature systoles immediately after such post-compensatory beats. Finally, there is evidence that the filling interval required to produce effective systoles may be affected by the rate of isometric relaxation. Thus, in experiment C 330, XVIII, a premature systole occurring 0.12 second after the end of systole was not effective while another 0.135 of a second proved quite effective. An analysis of the ventricular pressure curve showed that this was not entirely attributable to the differences in filling time for the isometric relaxation phase was at least 0.02 of a second less in the latter case, thus permitting ventricular filling to begin earlier. The pressure curves from the ven tricles and aorta when the ventricles are normally or artificially exci .ted are compared and analyzed, the results are excitation harmonized with previous knowledge as to the spread of the wave in the two instances and the following in terpretation of the reactions is the result:
1. When normally excited via the A-V bundle and its branches the intraventricular pressure curve begins with an initial slow elevation of tension lasting from 0.02 to 0.035 second ( fig. 2, z-y) . This is now interpreted as due to the fact that not all fractions of the ventricle begin their contractions simultaneou fractionate contractions. only as regards the greater speed of excitation and the interval of unified contraction which follows.
sly but rather as a series of 4 uential
The process differs from tha t in the auricle 2. When artificial stimuli are given to the inhibited ventricles at rates corresponding to the normal for any heart, the initial slower rise of i 'ntraventricular pressure is prolonged , the isometric contraction phase is lengthened, the gradient is not so steep, the pressure maximum , is lower consequently longer and the duration of systole is increased. Such changes do not indicate fundamental alterations in the properties of contractility or irritability, however, nor may they be interpreted as evidence that similar changes occur in the fun .damental contractions of the separate fractions of ventricular muscle. On the contrary, they are explained by differences in the order of excitation: When a local artificial st-imulus is applied to any portion of the ventricular surface the impulse spreads somewhat radially from the point of stimulation and induces a series of local fractionate contractions responsible for the initial slow rise of intraventricular pressure. This continues until the impulse has reached the His-Tawara system and has been conducted by this system to the unexcited portions of the ventricle.
Consequently, two different contraction processes almost imperceptibly merge, viz., a, a localized fractionate contraction occasioned by a relatively slow fiber to fiber excitation, and b, a more generalized contraction of the remaining ventricular muscle excited via bundle branches in more rapid sequence. Inasmuch as the latter also starts in a fractionate manner the isometric con traction and total systole are prolonged.
While this double contraction process also contributes to the decrease in total tension developed, evidence is cited that this is further influenced by the abnormal directional spread of impulses over the conducting system. Such changes in distribution ( fig. 4 ) may alter the order in which the muscle scrolls are excited and this in turn may affect the effectiveness of contraction of the entire ventricle as gauged by tension development.
Further, opposing impulses may mutually annihilate one another and thus cause the elimination of some fractionate contractions from the entire ventricular effort. Such pronounced effects of abnormal modes of excitation on the resulting contraction curve of the entire ventricle must be taken into in e valuating the reac tions of ' the ventricle to artificial stimuli. account 3. Stimuli given just previous to the beginning of a normal ventricular systole always cause smaller pressure curves while those falling during the isometric contraction phase are invariably negative. Finally, stimuli occurring during the ejection *phase occasionally cause larger pressure curves ( fig. 6 ). There is no reason, however, to interpret such smaller or larger beats as evidence that the ventricle is capable of excitation or inhibition . during early systole in the fundamental sense of these terms. Electrocardiographic evidence is presented that the smaller beats are either characteristic late diastolic reactions or an effect of interference of conduction waves and reasons are given why the larger beats are more probably explained by the excitation of additional fractions.
4. Stimuli applied approximately during the latter 0.06 second of systole evoke small contractions toward the end of the isometric relaxation phase. As these reactions are elicited from portions of the heart which receive their normal excitation latest, there can be no possibility of explaining these reactions as due to the excitation of fractions which have already ended their contraction period; on the contrary they indicafe that the fractions are again excitable toward the end of the contraction process. This has been termed the non-refractory period of systole. No evidence was obtained that such excitations have the effect of prolonging the systole during which they fall or that they produce superimposed contractions; indeed analysis shows that such effects are physically quite impossible and dynamically would be absolutely valueless. The duration of this non-refractory phase of systole varies directly with the intensity of stimuli and with the duration of total contraction process.
5. Mammalian experiments confirm the observations previously made on amphibian hearts that the earlier the stimulus is given the longer the latent period for response. It is not necessary, however, to assume peculiar recovery gradients to explain these results; the latent interval is only an apparent one in any case and its lengthening in the case of earlier stimuli is accounted for by resultant effects of simultaneous contraction and relaxation forces. 6 the'
As is well known smaller the total evidence that the benefi than a verv minor role Y the earlier that con tractions come during diastole energy developed. There is comparatively little that contractions fall in the isometric relaxation phase, the smaller the amplitude of the pressure elevation as measured by the vertical hei .ght of the ascending limb, on the other hand the maximum tension developed cial effect of a longer recove ry period plays more in the case of mammalian hearts. The earlier progressively less as the beats come later. The later that premature contractions begin after the A-V valves have opened and the ventricle has begun to fill, the larger the amplitude becomes. An analysis of results indicates that this is chiefly determined by the degree of filling and the initial stretching of the ventricular muscle.
7. A comparison of beats during the isometric relaxation and filling phase of ventricular diastole point clearly to the view that initial length of muscle fiber fundamentally determines the vigor of response. This in no way comprises the position, however, that such changes in initial length are solely produced by previous changes in initial tension when the cycle is long enough to incorporate a reasonable inflow phase.
8. Premature ventricular contractions may be e$ectGe, i.e., cause a systematic expulsion of blood or they may be ine$ectiere as regards such ejection. The fundamental factor determining effectiveness of beats is a sufficient interval for ventricular filling under different conditions of auricular pressure. Under normal experimental conditions, a minimal filling interval of 0.04 second is required but occasionally an interval 0.055 is not sufficient.
The interval is reduced when venous pressures are augmented by infusion, and slightly affected also by the diastolic pressure. The effects of the completeness of previous ventricular systole and of changes in ventricular relaxation rate are briefly discussed. 
